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Abstract 
Fault rocks from the McConnell thrust consist of limestone mylonite, carbonate 
and shale cataclasites, and deformed sandstones. The limestone mylonite in the hanging 
wall mayor may not show different levels of cataclastic overprint. Just below these 
hanging wall rocks is a zone of comminuted material. This zone contains cataclasites that 
are produced by the mixing of hanging wall and footwall materials. Underneath this unit 
are the shale cataclasites of the footwall and beneath this are deformed sandstones that 
become progressively less deformed further from the fault zone. Basedon 
microstructural evidence these rocks show cycles of mesoscopically brittle and ductile 
deformation. Veins and fractures exhibit cycles of compression and extension suggesting 
that some parts of the fault move at different speeds than other parts. Fluids play 
important roles in fault processes, and one significant source of fluids is the conversion of 
smectite clays to illite clays, which often accompanies faulting. This reaction liberates 
interlayer water resulting in a solid volume loss of 33-47%. Shearing of muds results in a 
permeability change followed by a dewatering event and collapse of the layer. These two 
processes work in conjunction to deplete the shale layer through time. Build up of pore 
fluids and dewatering results in softening and hardening of the shales respectively. This 
may cause more or less deformation to be localized in the shales. Fluids expelled from 
shales may undergo advection to the hanging wall, locally increasing pore pressures, and 
initiating a short burst of mesoscopically brittle failure in the hanging wall. Thus footwall 
lithologies can playa crucial role in determining deformation styles and geometries of the 
hanging wall. 
Introduction 
Fault rocks along large displacement dip-slip faults often preserve evidence of 
having been subjected to a range of [or different} pressures, temperatures, and fluid 
conditions. This occurs because rocks experience different processes at different depths 
in the crust. Thus, these fault rocks tend to display microstructural overprints indicating 
temporally changing processes (Snoke and Tullis, 1998). Previous research of the 
McConnell thrust and Appalachian foreland thrust systems indicate that deformation 
styles vary spatially as well as temporally (Wojtal and Mitra, 1986; 1988; Kennedy and 
Logan, 1997; 1998). Deformation styles are also cyclic with alteration between ductile 
and brittle deformation and periods of ductile deformation seem to be punctuated by short 
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bursts of brittle deformation (W oj tal and Mitra, 1986). 
In general, large displacement thrust or reverse faults juxtapose crystal-plastically 
deformed or mylonitic rocks in the hanging-wall against fractured and faulted rocks in the 
footwall (Snoke and Tullis, 1998). Foreland thrusts emplacement also creates a thick 
damage zone at the base of a thrust sheet that is characterized by numerous mesoscopic 
folds and faults. The density of these deformation features increases nearer to the fault 
surface until there are enough of them to form the cataclastic rocks of the fault zone core. 
Thus, faults accommodate displacement by deforming both rocks along the fault surface 
as well as those adjacent to the fault surface (Wojtal and Mitra, 1986). 
Fault rocks are those rocks associated with faults and shear zones (Sibson, 1977). 
These rocks can further be grouped into those that exhibit brittle behavior, those that 
exhibit semi-brittle behavior, and those that exhibit ductile behavior. 
According to Snoke and Tullis (1998) behavior is brittle if it is discontinuous, and it is 
ductile if deformation is continuous. Deformation is considered continuous if there are 
no visible indications of sudden changes in the displacement field such as fractures and 
stylolites. It is considered discontinuous if these indications are visible (Tikoff and 
Wojtal, 1997). These terms are scale dependant and a rock that is deforming by ductile 
processes macroscopically may, at a microscopic level, deform by brittle processes, i.e. 
fracture, even if there are no macroscopically visible jumps or breaks in the displacement 
field. Thus in order to make this a useful distinction, the scale at which deformation is 
ductile/continuous or brittle/discontinuous must be indicated. 







fundamental mechanisms. For this project the most important of these are cataclastic 
flow, pressure solution, mechanical twinning, dislocation creep and glide, and diffusion 
creep and grain boundary sliding. Cataclastic flow occurs through mechanical 
fragmentation of rock and the subsequent rolling and sliding of these fragments. 
Cataclastic flow is a low temperature-high strain rate mechanism (Passchier and Trouw, 
1996. p. 25). Faults form through the propagation of a zone of high crack density. Once 
formed, faults may undergo frictional sliding or pressure solution slip. The adhesion and 
abrasion caused by frictional sliding produces a comminuted zone between the wall 
rocks, and this deforms through cataclastic flow. This zone can be incohesive (gouge) if 
formed at a shallow depth or it can be cohesive (cataclasite) if it formed at greater depth 
(Snoke and Tullis, 1998). Cataclastic flow is dependant on frictional resistance between 
grains, which in turn relates to the magnitude of normal stresses on surfaces that have lost 
cohesion. This means that cataclastic flow is strongly dependant on confining pressure 
and effective pressure if fluids are present (Schmid, 1982). Therefore faults characterized 
by these processes form in the upper 10-15 km of the crust where temperature and 
pressure are relatively low (Snoke and Tullis, 1998). 
In rocks that contain intergranular fluids, pressure solution plays an important role 
in deformation (Passchier and Trouw, 1996. p. 26). Pressure solution involves 
dissolution of material at high stress sites, diffusive mass transfer of solutes, and 
precipitation at lower stress sites (Snoke and Tullis, 1998). Precipitated material can 
often be of different mineralogy than the dissolved minerals and this is called incongruent 
pressure solution (Beach, 1979). Dissolution sites can be recognized by truncated grains, 
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stylolites, and dissolution seams. Solutes are generally precipitated in pressure shadows 
and extensional veins (Snoke and Tullis 1998). Fluids can also be transported over long 
distances and in some cases can travel out of the deforming rock leading to volume loss 
(Pas schier and Trouw, 1996. p.27). The rate at which pressure solution occurs is 
sensitive to grain size, for smaller grains require shorter diffusion distance. It is also 
dependant on mineral solubility as well as the effectiveness of diffusive pathways within 
the deforming rock (Snoke and Tullis 1998). The dominant range for pressure solution is 
in diagenetic to low grade metamorphic conditions (Passchier and Trouw, 1996. p. 26). 
Strain in rocks can be accounted for through low temperature plasticity. In this 
regime deformation is achieved through movement of dislocations, which propagate 
within crystallographic planes (Schmid, 1982). Mechanical or deformation twinning is a 
common manifestation of low temperature plasticity that occurs in minerals such as 
calcite, plagioclase, and pyroxene. Mechanical twinning can only accommodate a limited 
amount of strain, which is determined by the crystal structure of that particular mineral, 
and its operation is limited to specific crystallographic orientations (Snoke and Tullis, 
1998). Grain boundaries inhibit propagation of slip/twins into neighboring grains, and 
fine-grained material will require higher stresses than course-grained materials. This 
results because shear strain due to dislocations and twins cannot be accommodated by 
neighboring grains that have different crystallographic orientations (Schmid, 1982). 
Lattice defects normally exist in crystals and can be grouped as point defects or 
line defects. Point defects exist as vacancies or interstitials in the crystal lattice. Line 






can be screw dislocations in which one part of the lattice is displaced, twisting one part of 
the lattice with respect to the other (Passchier and Trouw, 1996. p. 29). Intracrystalline 
deformation takes place through the glide of line defects in a grain. Dislocations gliding 
along intersecting planes can intersect and produce tangles that inhibit dislocation 
movement. This can lead to strain~hardening as these tangles make further deformation 
more difficult (Twiss and Moores 1992. p. 403). Build up of dislocations in a crystal 
raises the internal strain energy of the system. According to the principles of 
thermodynamics, a system will seek to minimize its free energy, and this process in 
crystals is termed recovery (Pas schier and Trouw, 1996. p. 32). Processes of recovery, 
such as dynamic recrystallization and dislocation climb, enable the deforming material to 
continuously work against strain-hardening (Snoke and Tullis, 1998). This is 
accomplished by recrystallization of strain free grains and by the climb of dislocations 
over obstacles to glide. Dislocation creep results from the combination of dislocation 
glide and dislocation climb (Passchier and Trouw, 1996. p. 31). 
Snoke and Tullis (1998) divide dislocation creep into high and lower-temperature 
regimes. In the lower-temperature regime dislocation climb is restricted so dislocation 
tangles can develop fairly easily. Contrasts in dislocation density can lead to grain 
boundary migration, which produces small strain free crystals. In this regime original 
grains undergo little shape change but are replaced by fme recrystallized grains along 
grain boundaries, internal deformation bands, and twins. This type of dislocation creep 
results in strain weakening of coarse materials and partitions strain into fine-grained 




enough temperatures dislocations can cancel each other and remaining dislocations can 
arrange to form sub grain boundaries. Because climb increases dislocation mobility, glide 
can occur with out producing strain hardening, leading to steady state creep. At lower 
temperatures within this second regime, grains become homogenously flattened and 
develop a "core" of larger subgrains, creating undulatory extinction. The margins of 
these grains have a "mantle" smaller subgrains and recrystallized grains. At higher 
temperatures within this regime strained grains are replace by recrystallized grains by 
grain boundary migration. These grains will appear unstrained but will have a strong 
crystallographic preferred orientation (CPO). 
Diffusion creep takes place through the transfer of materials from areas of high 
compressive stress to areas of lower compressive stress. It can occur through movement 
of point defects and concurrent diffusion of atoms and ions along grain boundaries (Twiss 
and Moores, 1992. p. 390). Diffusion creep can occur by two mechanisms, Nabarro-
Herring creep and Coble creep. Nabarro-Herring creep, also called volume diffusion, 
occurs through the diffusion of vacancies through the crystal lattice. Coble creep or dry 
grain boundary diffusion result from diffusion of vacancies along grain boundaries 
(Passchier and Trouw, 1996. p. 40). Since grains undergo shape change throughout these 
processes they must also undergo some movement in order to accommodate these shape 
changes. This is accomplished through nonfrictional grain boundary sliding (Snoke and 
Tullis, 1998). 
Nomenclature of fault rocks has been controversial and a systematic classification 
of them still remains elusive. This is largely due to the fact that most fault rocks exhibit 
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indicators of a variety of deformation mechanisms. For the purpose of this project, I will 
use the term mylonite to describe a coherent fault rock that exhibits foliation and can 
exhibit lineation, was deformed primarily by mesoscopically ductile processes, and 
generally exhibits grain size reduction. Traditionally cataclasite has been used to describe 
non-foliated rocks that have been deformed by mesoscopically brittle processes. 
However Chester, Friedman, and Logan (1985) showed that foliations can form by 
cataclastic processes and called these rocks foliated cataclasites. I will use the term 
cataclasite to refer to coherent fault rocks, that have been deformed by brittle processes, 
and will call coherent, foliated fault rock in which the foliations developed through brittle 
processes foliated cataclasite. If planar features are thicker and are defined by zones of 
different texture or composition, I will use the term banded cataclasite. These terms are 
not mutually exclusive and a banded cataclasite may also be a foliated cataclasite. 
The purpose of this project is to classify fault rocks from Mt. Yamnuska and to 
catalogue microscopic deformation features. From these observations, inferences will be 
drawn as to the nature of deformation styles, with intent to provide a model for faulting at 
Yamnuska. This model will attempt to tie interactions between different regions of the 
fault zone to spatial and temporal variance in in deformation mechanisms 
Geologic Setting 
The McConnell Thrust is the physical and structural boundary between the Front 
Ranges of the Canadian Rockies in the west and the Foothills to the east (Price and 
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Mountjoy, 1970). Although the McConnell thrust brings strata from the base of the 
Paleozoic sedimentary sequence to the surface, deformation across the Foothills and the 
Front Ranges (and also across the Main Ranges farther to the west) is "thin-skinned" 
deformation, meaning that no basement rock is brought to the surface. At a regional scale 
thrust has a listric shape, although in detail it exhibits well-developed ramp-flat 
geometries (see figure 1) with moderate to gentle dips to the southwest. 
Fig. 1. Diagram of ramp-
flat geometries. Ramp-
flat geometries are 
generally thought to 
occur due to different 
rock strengths. Ramps 
develop across strong 
strata while flats develop 
across weak: strata. The 
juxtaposition of hanging 
wall flats and ramps over 
footwall flats and ramps 
creates folds (from 
Woodward, 1981). 
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Transport is to the northeast at ,..., 063 (Kennedy and Logan 1997). Mt. Yamnuska 
(Alberta, Canada), is near to the area of maximum displacement, and here the thrust 
places limestones of the Cambrian Eldon Formation over shales and sandstones of the 
Cretaceous Belly River Formation (Gretener, 1987). The bedding in the hanging wall 
strata is nearly parallel to the thrust plane, indicating that these strata originated along a 
"flat" in the thrust. The footwall strata are also nearly parallel to the thrust, indicating 
that the exposure is a section of an upper "flat" in the thrust. Just 1340 m to the 
southwest the thrust rises from the floor of the Bow Valley over a ,...,20° "ramp" in the 
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footwall and levels to a nearly horizontal attitude along the wall ofYamnuska (Gretener, 
1987). This is overlain by a hanging wall flat across the entire structure. The Eldon 
Formation Limestones are shelf deposits and the Belly River Formation shales and 
sandstones are part of a clastic wedge sequence. 
The foothills to the northeast of the McConnell thrust are younger than the 
McConnell thrust and their movement has been dated to 60-65 Mya (Elliot, 1976). This 
gives an upper constraint to the age of the thrust of 65 Mya. K - Ar dating of illite -
illite/smectite clays from the McConnell thrust gouge dates its movement to '" 77 Mya 
(Covey et aI., 1994). This is thought to represent the main episode of thrusting. Previous 
cross sectional reconstructions have constrained the fault displacement to ",20 - 40 km 
(Price and Mountjoy, 1970). Thus the thrust moved approximately 40 km over the course 
of about 12 to 17 million years, or about 3 mmlyear (Kennedy and Logan, 1997). 
Temperature estimates show various results for temperatures during faulting. 
Cross-section reconstructions yield a maximum burial depth of the thrust at 8-10 km. 
Assuming a typical continental thermal gradient of 25° CIkm the approximate 
temperature of the fault zone during movement would be in the range of 200-250° C. 
The thrust sheet was continually being thrust upward and at Mt. Yamnuska was probably 
buried no deeper than 4-5 km. This is more consistent with vitrinite reflectance data from 
work by Bustin (1983). These data yielded a footwall temperature of about 140°C, 
however, thin films immediately adjacent to the fault indicate temperatures between 
350°-650°C. The fact that this film is very thin was interpreted to mean that these 





Fig. 2. a) A view of the 
McConnell thrust at Mount 
Yamnuska looking to the 
Northwest. 
b) A sketch of the 
McConnell Thrust at Mount 
Yamnuska by R. A. Price 
with E. Fernando (from 
Price et aI, 1972). 
c) Picture of the contact 
between the hanging wall 
Eldon Formation 
Limestones and the Belly 




Other strata near the thrust showed reflectance values correlating to a maximum heat of 
250°C (Bustin, 1983). 
In detail, the thrust consists of an extensive damage zone, in both the hanging wall 
and the footwall, characterized by mesoscopic folds, fractures and fault arrays. This 
surrounds a fault-zone core of limestone mylonite in the hanging wall and shale 
cataclasite in the foot wall (Kennedy and Logan, 1997). The contact between the 
hanging wall limestones and the footwall shales and sandstones are quite well exposed at 
Yamnuska and range from a gradational contact to a distinct cleanly parting surface with 
slickensides between the hanging wall and footwall. The contact is also distinctive due to 
the absence of gouge (Gretener, 1987). Basal tongues are a common feature along the 
contact and bring footwall material into the hanging wall (Gretener, 1977). 
The hanging wall consists of a mylonite layer about 40 cm-l00 cm thick, which 
has a prominent foliation aligned roughly parallel to bedding in the overlying rock. The 
mylonite layer is overlain by damage-zone limestones which are folded and faulted and 
contain numerous discontinuous veins and stylolites (Kennedy and Logan, 1997). 
Observations by Gretener (1987) indicate that these limestones exhibit deformation to the 
top of the mountain, approximately 300m above the fault plane. In contrast to this the 
Belly River Formation below is relatively undisturbed. Sandstone channels run through 
the shales forming discontinuous ledges that dip approximately 5-10° to the southwest 
(Gretener, 1987). 
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Materials and Methods 
For this project, I examined several samples that were previously collected and 
oriented by Steven Wojtal in 1989, 1990, and 1991. I examined samples from different 
locations along the Yamnuska exposure, including hanging-wall (limestone) mylonites, 
comminuted material from the fault surface, footwall (shale) cataclasites, and underlying 
sandstones. Samples were cut along a plane normal to the fault surface and parallel to the 
direction of transport. A few samples were also cut in a plane normal to the fault surface 
and perpendicular to transport in order to provide a better understanding of what features 
might look like in the third dimension. However, this project was mainly a two 
dimensional study focused on features along the direction of transport. One part of the 
sample was kept intact and the face polished for hand sample observations. The face of 
the remaining portion was made into thin sections approximately 30J.!m thick and oriented 
in the previously mentioned plane. Both polished and unpolished thin sections were used 
for petrographic observations. Rock chips of dimension 1 x 2 x 4 cm3 were also made for 
analysis with scanning electron microscopy (SEM). When sample dimensions allowed, 
thin sections duplicating the face of the rock chips were also made. 
I used a petrographic microscope to observe deformation microstructures, and 
used a universal stage to measure vein and fracture orientations. I made measurements 
along two transects across each thin section, one parallel to the fault surface and one 
normal to it. I recorded the orientations as well the widths and characteristics of the 
different features. The convention for these angular measurement is 0°= parallel to the 
fault surface and aligned in the direction of transport, and 180°= parallel to the fault 
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surface but in the direction opposite of transport. In many cases I measured the length of 
the transect and used the number of occurrences of a feature in order to calculate a density 
ratio = number of occurrences per unit length. 
I also took measurements of arrays of veins, fractures, and stylolites on images of 
thin sections. I created the images by loading thin sections into a transparent materials 
adapter on a flatbed scanner and scanning at very high resolution. I used polarizing paper 
to create plane polarized light when scanning. By adjusting the color, contrastibrightness, 
relief, and sharpness on images I was able to optimize clarity of deformation features. In 
some cases, inverting the colors made fractures more apparent. Images were then printed 
and with the aid of the thin-section, deformation features were highlighted by hand. This 
allowed for quick measurement of the orientations of these features. 
I examined polished thin sections with an optical microscope fitted with a 
cathodoluminescence (CL) attachment. CL entails bombarding a sample with an electron 
beam from a cathode. This causes electrons in the sample to become excited and in many 
cases to emit photons producing light. The wavelength and intensity of light depends on 
the mineralogy and distribution of impurities in the sample (Marshall, 1988. p.1). Calcite 
generally glows somewhere along the spectrum of yellow to red. Dolomite tends to glow 
more to the red end of the spectrum. The most important activator of luminescence in 
carbonates is Mn2+. Fe2+ is a quencher, which dampens luminescence (Marshall, 1988. 
pp.41-42). 
I examined hand samples with the use of a reflected light microscope in order to 
provide contrast and context for thin sections. With some samples, I etched the chips 
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using a process described below. Prior to etching I examined the rock chips with 
reflected light. U sing pictures that were taken along transects across the chips, I was able 
to create a composite image of the whole chip and facilitate examination of the samples 
pre and post-etching. 
Rock chips were prepared for SEM analysis through an adaptation of the two step 
etching process for fine-grained mylonites as described by Herwegh (2000). This process 
involved the use of a 0.37% solution of hydrochloric acid and a 0.1 % solution of glacial 
acetic acid. Samples were first cut to the dimensions of 1 x 2 x 4 cm3 and were glued to 
glass slides and polished. The face of these chips lies in the same plane as the thin-
sections. The chips were then etched in hydrochloric acid for 30 sec-75 sec. Following 
this, samples were rinsed, dried and etched for 300 sec in acetic acid. Each etching was 
carried out using 15 ml of acid in a 25 m1 platelet. The first etching in the hydrochloric 
acid is intended to dissolve any dislocation arrays and leave topographic highs of 
dolomite and other less soluble materials such as silicates and oxides. The second 
etching in the acetic acid is to etch twin and grain boundaries. Samples were then carbon 
coated and inspected with SEM. 
Observations 
I divided the fault rocks from the McConnell thrust into four types of fault rock. 
The first is the limestone mylonite that was studied extensively by Kennedy and Logan 
(1997). Situated just under the mylonites is the comminuted zone, containing carbonate 
cataclasites. Below this lies shale cataclasite and deformed sandstones. These rocks can 
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then be grouped into three categories. These are the hanging-wall carbonates, the zone of 
comminuted materials, and the footwall materials. 
Hanging Wall Carbonates. 
The mylonites of the hanging wall are fine grained with grains of about 10J.!m in 





with pocket knife 
for scale. 
Small matrix grains tend to be twin free, although some matrix grains occasionally 
exhibit twins. The limestone also contains numerous dolomite grains of about 30 J.!m in 
size. The mylonite possesses a fabric defined foliation of layers of dynamically 
recrystallized calcite with weak dimension preferred orientation sub-parallel to the fault 
plane. This fonus the bulk of the matrix and imparts a continuous cleavage (Twiss and 
Moores, 1992 p. 263) to the limestones. The limestones also exhibit foliations defined by 
clay and dolomite-rich layers, calcite-filled veins at low angles to the fault plane, and the 





fractures, and stylolites at a wide array of orientations to the fault surface. These features 
range from irregular and discontinuous to larger pervasive features. 
The orientations of veins in the hanging wall have two fundamental orientations: 
those oriented at high angles to the thrust and those oriented at low angles to the thrust 
(see Appendix 1 and 2). Many low-angle veins and fractures are oriented at ,...., 1750 from 
the direction of transport, corresponding roughly to the R -shear of the Riedel shears. 
Low-angle veins also commonly lie at ,...., 100 correlating to the P-shear orientation. 
Numerous veins also run with in a degree or two of being fault parallel and correspond to 
Y -shears. It is important to note that not all veins record shear even though they may lie 
in the orientation of predicted shear angles. Thus only some of these veins actually 
correspond to the R, Y, and P shears. Most other veins record no sense of shear and are 
simply extensional features that also lie within the predicted shear orientations. Veins 
and fractures record both compression and extension events. Three main vein 
morphologies are observed in low angle veins. Many have irregular boundaries that 
narrow at repeated intervals along the vein. Some of these pinch out completely and have 
dissolution features between strands of veins. This forms discontinuous mineral .. filled 
features that are connected by stylolites. Other low-angle veins show rhombochasm type 
geometries. The other low-angle vein morphology observed is continuous veins with 
regular borders and fairly straight traces. All of these low angle veins tend to increase in 




Fig. 4. Riedel 
shears arrays and e-
fracture orientation 
for dextral sense of 
shear. Small arrows 
show direction of 
shear along those 
planes. 
High angle veins generally have one of two main orientations. Both just offset 
from perpendicular to the fault plane. One set lies approximately at 75 0 and the other at 
about 1050 (see Appendix 1). These lie in roughly the X shear and R' shear orientations. 
Like the low-angle sets only some of these are actually X and R' shears while others are 
simply extensional. A few veins also fall into the orientation of the e-plane. Although 
crosscutting relations yield seemingly random relative ages of these features, high angle 
veins are more often later features and crosscut low angle veins. Under CL, veins 
luminesce at various intensities of orange suggesting differing mineral chemistries 
(Marshall, 1988. pp. 41-42). Veins also cut matrix and grains seemingly indiscriminately, 
suggesting that fracture "saw" both as similar mediums with respect to fracture 
propagation. 
Veins can also record deformation post-formation. Vein fill ranges from 
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undeformed coarse-grained calcite to fill that has been completely recrystallized. Coarse-
grained vein material can be blocky but elongate crystals oriented with their long axis 
Fig. 5. Photomicrograph 
of hanging wall mylonite 
in cross polarized light. 
Sense of shear is top to 
the left. Note high-angle 
veins cutting and 
offsetting low-angle 
veins. These high-angle 
veins correlate to the X 
and R' orientations. An 
anastomosing array of 
stylolites also runs across 
the bottom third of the 
picture approximately 
parallel to the fault 
surface. 
toward the middle of vein are also common. Fibrous vein fill is also observed but less 
common than the other two. Coarse-grained fill is generally twinned and/or exhibits 
undulose extinction. Grains are twinned with as many as three sets of twins. Larger 
grains are more likely to be twinned and more likely to have more than one set of twins. 
Both thick and thin twins are present, and twins may be bent and/or have serrated 
boundaries. Recrystallized veins are sheared and can record shortening along their 
length. In some cases pinching and boudinage of vein material is observed. High-angle 
veins are often shortened perpendicular to the fault plane. This shortening is 
accommodated by local thickening of the vein, by the vein taking on an undulating shape, 
or by any combination of the two. Some low angle veins have been distorted in to Sand 
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Z curves, indicating a local component of rotation. In these situations, deformation in the 
surrounding matrix and the vein was continuous even on a microscopic level with no 
fracture observable within the vein. 
a 
Fig. 6. Several example of mechanical twins in calcite. Shear is top to the right in all 
photomicrographs a) Narrow straight twins at 500x in cross-polarized light. b) Narrow bent twins 
at 500x in cross-polarized light. c) Narrow twins intersecting thick bent twins. Taken at 500x 




Veins exhibit a wide range of deformation levels from fresh relatively undeformed 
veins to completely recrystallized veins. On one end of the spectrum, veins have fairly 
straight traces (i.e. have not been sheared of folded), veins have clearly defined vein 
boundaries, and vein fill is coarse grained. Also present are elongate fragments of calcite 
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that are still recognizable as veins. At the other end of the spectrum are zones of 
recrystallized material with rare fragments of vein material. In many locations, it is 
virtually impossible to distinguish whether the matrix is derived from distorted vein 
material and or is derived from the protolith. Similar structures were observed by 
Kennedy and Logan (1997). Thus it is possible that a substantial portion of the matrix is 
composed of vein material that has been recrystallized; Kennedy and Logan (1997) 
reached the same conclusions. Observation in CL brings to light highly sheared portions 
of vein within the matrix. These sections of vein material were indistinguishable from 
the matrix in standard light but exhibited brighter luminescence under CL than the 
surrounding matrix. 
Clay seams are generally discontinuous, irregular, and are oriented parallel to sub-
parallel to the surface. Their thickness ranges from a few tens of J.lm to a few mm. These 
clay seams are characterized by an amorphous, opaque insolubles and euhedral dolomite 
crystals. Dolomite crystals are uniform in size and occasionally form a weak foliation 
with the clays. Clay seams may contain "captive" fragments of the surrounding 
limestone. Discontinuous segments of vein are also present within clay seams. Seams 
are crosscut by both high and low angle veins. Discontinuous lenses of clay seams are 
often connected to one another by stylolites or terminate in stylolites or slip surfaces. 
Locally, the rock surrounding these clay seams is relatively undistorted. Clay seams are 
often rimmed by stylolites at the seam/matrix interface, and these edges glow bright 
orange in CL. Veins that cross cut seams commonly exhibit significant shortening within 
the seam in a direction perpendicular to the fault surface. These veins are relatively 
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straight in the surrounding matrix, but upon entering the clay seam, they exhibit local 
thickening of the vein and/or adopt an undulating path. Although matrix surrounding the 
veins seems to have undergone dissolution, veins within clay seams are generally 
unsolved. In the case of low angle veins, stylolites often form parallel to or along the 
edges of the veins but rarely cut into them or cross them. 
Stylolites are a pervasive feature in the mylonites of the hanging wall. They form 
at low angles to the fault plane, along the edges of large grains, and along low-angle 
veins. Stylolites that rim grains tend to form on the top and bottom in an orientation 
parallel to the fault plane. They range in size from small dissolution sites along grain 
Fig. 7. Veins showing 
compaction in the 
vertical direction upon 
entering a clay seam. 
Near the upper 
boundary of the seam is 
a thin vein exhibiting 
rhombochasm 
geometries. Sense of 
shear is top to the left. 
Picture is in plane 
polarized light. 
boundaries to larger more pervasive stylolites that have a significant concentration of 
insoluble clays and heavy minerals at the dissolution surface. Within these 
concentrations of insolubles, some large stylolites exhibit ductile flow features on a 
microscopic level. In places, pieces of wall rock form lenticular microlithons within the 
matrix of the insolubles and defines a well-foliated domainal spaced cleavage defined by 
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a shape preferred orientation of the microlithons as well as the orientation of stylolites 
and layers of insolubles. Veins cut and are crosscut by stylolites with large stylolites 
more likely to crosscut veins than smaller stylolites. Some veins appear to originate at 
the stylolitic surface and propagate into the wall rock in one direction. This pattern may 
occur on the opposite wall, however these veins do not appear to have ever 
interconnected nor do they appear to have ever cut across the stylolites. Instead, they end 
cleanly at the stylolite/wall interface. 
In some places the hanging wall carbonates, just above the zone of comminuted 
material, may exhibit cataclastic processes in addition to mylonitic ones. This creates a 
mylonite with thin laterally continuous bands of cataclasite. These rocks contain a 
similar array of veins and fractures like those described in the other mylonites but are 
distinct due to the conspicuous absence of clay seams. Veins in cataclasites are distorted 
by folds and are occasionally boudined. Grain and matrix sizes are also 10 f.lm and 1-2 
f.lm respectively. The matrix often exhibits a weak dimensional preferred orientation 
parallel to the fault surface. Stylolites are more disjunctive in these rocks and clay seams 
are conspicuously rare to absent. 
Mylonites with a cataclasite overprint often possess bands of relatively 
undistorted limestone that alternate with zones that have undergone mesoscopically brittle 
processes. The "undeformed" zones are limestones of uniform grain size consisting of 
dynamically recrystallized calcite cut by a few veins and fractures. These zones are 
mylonitic but have not undergone cataclastic processes thus they are less deformed only 
in that they have not also undergone the last stages of deformation (i.e. cataclastic 
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processes). The deformed bands exhibit two types of fabrics. One fabric consists of 
angular fracture bounded blocks of limestone mylonite. These fractured blocks have a 
slightly larger grain size than that of the less deformed bands. These blocks show only a 
little movement with respect to each other, however the fault surfaces between them 
contain selvage. There is no evidence of any rotation of these blocks and they seem to 
have remained relatively stable aside from a slight shifting. 
These rocks also contain a second texture type of bands that exhibit "classic" or 
typical cataclasite textures. In these zones matrix grain size is reduced and grains are 
both angular and rounded. Fragments consist of wall rock mylonite, large calcite grains 
probably derived from veins, and some quartz grains. Stylolites and dimension preferred 
orientation of grains, which are typically parallel to the fault surface, occur at all angles to 
the fault within these fragments. Thus it is likely that many of these have undergone 
Fig. 8. Picture in cross 
polarized light showing the two 
more deformed textures of the 
mylonite with the cataclasite 
overprint. Fault bounded 
blocks are in the top half and 
are separated from the more 
typical cataclasite texture by a 
disjunctive stylolite. Once 
again high-angle veins cut low-
angle veins. Sense of shear is 
top to the right. 
rotation of various levels. Veins often cut matrix and grains indiscriminately, though 
cases where veins and fractures "detour" around grains can also be observed. 
Intergranular cracks in which the fracture propagates no further than the grain boundary, 
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exist within the catac1asite bands. In some places, matrix material has flown into the 
crack and has filled it. One small euhedral calcite grain within the catac1asite zone 
exhibits recrystallization wings in its pressure shadow. 
Fig. 9. Photomicrograph 
of mylonite with a 
cataclasite overprint in 
cross-polarized light. In 
the upper left corner is a 
euhedral calcite crystal 
with recrystallized wings. 
In the lower right region is 
a fragment that appears to 
have been rotated (based 
on fabric orientation). 
The bands of deformed and undeformed rock can range from continuous planar 
features to lenticular lenses of cataclasite. These zones tend to be bounded by a stylolitic 
surface at the boundary between two different fabrics. In many zones these rocks show 
an overprint of static recrystallization. Often, sections bounded by stylolites show very 
different levels of static recrystallization/cementation overprinting. Some areas with very 
clean defined features may be directly adjacent to areas that have a strongly developed 
"fuzzy" look that is a result of this recrystallization. Inspection of a thin section cut from 
a plane normal to transport and perpendicular to the fault surface reveals that these bands 
locally dip gently to the northeast. 
Late stage mesoscopic contraction faults cut the hanging wall at Mt. Yamnuska. 
In the vicinity of these faults the rocks can best be described as mylonites with a 
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cataclastic overprint. These rocks contain the same fabric elements of the hanging wall 
mylonites. Some sections of rock have preserved the original mylonitic texture. Most of 
the rock however has been sUbjected to cataclastic processes. Distinct clay seams have 
been destroyed and incorporated into the cataclasite. Dolomite crystals from the clay 
seams are dispersed through the cataclasite and the clays seem to have been incorporated 
into the matrix material. Stylolite at low angles to bedding are more numerous and of 
higher density near contraction faults than in mylonite from elsewhere. Low angle veins 
showing both extension and slip are numerous as are high angle veins that have been 
sheared and recrystallized. The main difference between the previously mentioned 
mylonite with a cataclasite overprint and this example is that the previously mentioned 
mylonite of the hanging wall shows no evidence of having formed clay seams while the 
mylonite with the cataclasite overprint from contraction faults shows evidence for 
numerous clay seams as well as exhibiting remnants of other foliations formed by 
mylonitic processes. 
Hanging Wall Carbonates: Deformation mechanisms 
Deformation mechanisms can be inferred from microstructures observed through 
optical microscopy and SEM use. The hanging wall veins are oriented in roughly a high 
angle orientation and a low angle orientation. The high angle veins generally show little 
to no displacement and those that do show displacement tend to exhibit normal motion. 
These are interpreted as primarily extensional features, which record a component of 





These also indicate extension parallel to transport. The stylolites record compaction in 
the direction normal to the fault plane. Fletcher and Pollard (1981) proposed a model by 
which stylolites originate and propagate as anticracks. In this model veins open in the 
direction of maximum extension and stylolites form at right angles to these in the 
direction of maximum compression. These stylolites associated with extensional veins 
are interpreted to have formed along this model. Lower angle veins record a reverse 
sense of motion, forming micro-contraction faults and indicating at one time there was a 
significant component of shortening parallel to transport as well as some component of 
extension normal to this. 
This alternation between extension and compaction in the direction of transport 
most likely indicates that the thrust sheet is moving at a rate that varied spatially. If a 
portion of the thrust was moving slower than the section behind it, the section behind 
would have to shorten along transport to accommodate the differing velocities and would 
thicken as a result. If a section of a fault was moving faster than the section behind it the 
sheet would undergo extension in the direction of transport as well as thinning in the 
vertical direction. As there are several generations of high and low angle veins (by cross-
cutting relations), each section of the fault at one point moved relatively slower than its 
adjacent sections and at another time relatively faster. I infer that this occurred cyclically 
with alternations between faster speeds (extensional cracks) and slower speeds showing 
that stresses acting on each segment varied temporally as well as spatially. 
Deformation styles also alternated between mesoscopically continuous and 
discontinuous cycles of deformation. High angle veins which show shortening through 
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thickening or adopting an undulating route shows continuous deformation overprinting a 
discontinuous feature. These are often crosscut by another later vein showing another 
cycle of discontinuous deformation. This pattern may be repeated for several generations 
of veins. Other veins which have been broken have matrix which has flown into the 
fracture indicating that the matrix was fairly ductile at points while the veins were not. 
This means that different components of the rock can behave differently at times although 
at other times they behave as a similar medium. 
As previously mentioned those veins that are nearly fault parallel show two 
morphologies. Low angle veins with discontinuous or narrowing regions that have 
fibrous vein fill are taken to be slip surfaces, as are those exhibiting rhombochasm 
geometries. Displacement on preexisting fractures and veins confirms this. Other low 
angle veins are continuous and relatively uniform features that generally contain blocky 
or elongate crystals, show no sense movement and are interpreted to record extension in a 
direction normal to the fault plane. Kennedy and Logan (1997) suggested that these veins 
formed by hydro fracturing. When elevated pore pressures exceeded lithostatic pressures 
in the direction of least compression (in this case normal to the fault plane), fault plane 
parallel fractures may form. 
Vein fill also is deformed, with the most pervasive type of deformation being 
mechanical twinning. Larger grains of calcite within the matrix also show twinning, but 
smaller grains generally do not exhibit this. Deformation twins in calcite have been used 
to estimate temperatures during deformation. Narrow straight twins are thought to 




150-300°C. Bent twins occur at greater than 200°C and twins with serrated boundaries 
form at temperatures higher than 250°C (Passchier and Trouw, 1996. p. 204). All four of 
these twin morphologies are present in these fault rocks indicating that temperatures may 
have varied throughout deformation. 
Transmission electron microscope (TEM) studies by Kennedy and White (2001) 
on calcite from several thrusts, including the McConnell thrust showed evidence of 
significant deformation via dislocation glide, and recovery occurring via twin-boundary 
migration recrystallization. Veins initially form with coarse unstrained grains. As 
deformation proceeds dislocations pile up leading to strain hardening followed by grain 
size reduction by grain boundary and twin boundary migration. This dynamic 
recrystallization also leads to strain hardening (Kennedy and White 2001). This means 
that fresh veins initially serve to weaken the fault zone because of their larger grain size 
and unstrained nature, but as deformation proceeds will they eventually strengthen it. 
The boudinage of some veins indicates that at some points veins were behaving as hard 
phases. Some veins, however, showed evidence of reactivation of slip along these 
surfaces showing that at other times veins may have been a weak phase. 
Veins are also indicative of the presence of fluids during faulting. The presence 
of fluids and the amount of pore pressure are important factors, which affect styles of 
deformation (Mitra, 1984; Wojtal and Mitra, 1986). Fluids are also vital to strain 
softening observed in thrust zones (Wojtal and Mitra, 1988). Increased fluid pressures 
can trigger brittle fracture and veining if pore pressures are equal to or greater than 
litho static pressure. Thus high fluid pressures can trigger a brittle response in a ductile 
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regime leading to vein formation, which lowers pore pressure and re-establishes a ductile 
regime (Burkhard et aI, 1992). The fact that veins luminesce at different intensities and 
color reflects variance in fluid chemistry in the different veins. As veins of different 
intensity and color crosscut each other, it can be deduced that fluid chemistries were 
changing temporally as well as spatially. 
Stylolites also are evidence of fluids as they are necessary for pressure solution to 
occur. Stylolites are oriented parallel to the fault plane for the most part. Some of these 
could be artifacts of burial or from passage over a ramp section of the fault. Kennedy and 
Logan (1997) determined that these stylolites are not directly related to basal shearing. 
Other stylolites form on the edges of large grains slightly offset from parallel. This is 
roughly the direction of maximum compression due to shearing. Many veins that are 
nearly fault parallel can be rimmed by stylolites on either side. These too indicate a 
shortening nearly normal to the fault plane. The veins themselves are nearly intact while 
the surrounding wall rock shows evidence of extensive dissolution. This means that the 
veins were relatively insoluble, perhaps due to larger grain size, or that fluids "saw" veins 
as "wetter" than the surrounding matrix. 
Clay seams in the hanging wall were also fluid related features. These features are 
taken to be remnants of zones that locally underwent extensive dissolution. The clay 
minerals that form the matrix of the clay seams are an insoluble residue left behind from 
incongruent dissolution. The dolomite crystals within the clay seams remain due to their 
relative insolubility in comparison to calcite. Disjunctive stylolites are present in the clay 




may indicate a surface of more complete dissolution or insolubles may preferentially 
collect along these surfaces. 
Clay seams for the most part have discrete bounding surfaces. These discrete 
bounding surfaces are typically stylolites or, in a few cases, vein material. This surface 
often is also a shear surface. Material at the edges of the clay seams exhibits significantly 
stronger luminescence than the surrounding matrix in CL. This was also observed by 
Kennedy and Logan (1997) and inferred to be an indicator of fluid flow along these 
seams, which altered mineral chemistry in this region or precipitated new minerals along 
this margin. Data from this project is in concurrence with this interpretation. The 
stylolite and veins at the margins of clay seams most likely acted as a relatively 
impermeable barrier and may have served to trap fluids with in clay seams. These 
observations support the idea that clay seams were sites of significant fluid flow. 
Once formed these clay seams represent a weaker portion of the fault, localizing 
and taking up significant strain. This is evidenced by the relatively undeformed wall rock 
surrounding the clay seams. The ends of the clay seams coalesce into a well-developed 
disjunctive stylolite or stylolites. They also commonly end in slip surfaces. Sheared 
veins within clay seams show that displacement occurred within these zones. These 
zones appear to have deformed by cataclastic processes or some sort of grain boundary 
sliding of dolomite grains. While some veins are sheared within the clay seams, others 
exhibit continuous compaction in the form of vein thickening or an undulating route, 
showing a strong component of shortening normal to the fault. It has previously been 




deformation could be localized. Thus, formation of clay seams may be a mechanism of 
strain softening within the fault zone (Kennedy and Logan, (1997). 
The mylonites with a cataclasite overprint in the hanging wall are particularly 
significant because they reflects varying processes along the fault zone. They are 
interpreted as mylonites that were subjected to cataclastic flow but did not undergo bulk 
cataclasis. The three main fabrics that comprise the foliations are taken to show 
different stages of deformation being undergone by the rock. The fabric containing 
closely packed, angular, fracture bounded blocks exhibits relatively lower levels of 
deformation. The blocks consist of a uniformly fine-grained limestone of dynamically 
recrystallized zones. The slip surfaces bounding these blocks are coated with selvage, 
and blocks appear at most to have rotated a few degrees or slipped slightly with respect to 
adjacent blocks. These slip surfaces even at a microscopic level appear continuous and 
there is only rarely vein material associated with these features, rather they are marked by 
a localized reduction in grain size. I therefore propose that these blocks accommodated 
deformation in a similar fashion to the mesoscopic "grain-boundary" sliding described by 
W oj tal and Mitra (1986). I infer that the cataclasite fabrics accommodated more 
deformation and thus are more "developed" than the slip bounded blocks. This inference 
is supported by grains within the cataclasite which show significant rotation, as well as 
the overall reduction of grain size, and bits of footwall sandstones incorporated into the 
cataclasite regions (cataclasites will be discussed in more depth below). The regions that 
appear fairly undeformed show no accommodation features, however they do posses a 
heavy recrystallized fabric. This recrystallization seems to be grain boundary migration 
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recrystallization based on the presence of irregular and lobate grain boundaries. These 
regions are interpreted to be portions of mylonite that have not undergone cataclastic 
flow. Thus, they actually have undergone large amounts of deformation but not in the 
last stages. Other sections show a static recrystallization overprint over cataclastic 
textures. This static recrystallization may be a result of pore-fluids dissolving and re-
precipitating calcite in a sort of cementation process. 
The cataclasite seems to serve a similar function to that of the clay seam in that 
deformation appears to be mainly localized within these zones. Strain softening 
accompanies the formation of cataclasites (W oj tal and Mitra 1986) suggesting cataclasite 
zones weaken the fault similarly to the clay seams. As the cataclasite zones began to 
soften, deformation could become more localized in these zones. This softening could 
have caused deformation in the in the zones of fault bounded blocks to cease, preventing 
them from undergoing cataclastic flow. If deformation remained localized this would 
have allowed zones of the rock to remain undisturbed by cataclastic processes. 
Intergranular and intragranular cracks are interpreted as grain unstable cracks and 
grain stable cracks respectively. The presence of both grain stable and grain unstable 
cracks within the cataclasite indicates changing styles of deformation. Grain stable 
cracks indicate that the matrix was ductile enough to prevent the crack from propagating 
past the grain boundary, while unstable cracks signify that the fracture "saw" matrix and 
grain as the same (W oj tal and Mitra, 1986). In some cases of stable cracking the matrix 
is ductile enough to flow into the void created by the crack. Different levels of static 





Veins and stylolites occur at the same orientations and arrays as in the mylonite samples 
and are interpreted to have the same implications. 
The mylonite from the contraction fault is from a subsidiary fault. In the previous 
mentioned mylonites, regions of cataclasite completely obscure original textures of the 
mylonite. This is in contrast to those mylonites from subsidiary contraction faults that 
have undergone cataclastic processes. In these rocks much of the mylonitic texture can 
still be observed. Fragments in the cataclasite zones in mylonites from the main fault are 
small and equidimensional, whereas fragments in regions near the contraction faults are 
larger and elongate with their long axes parallel to the contraction fault surface. These 
rocks show an even lower level of cataclasite overprint than those from the main fault. 
Zone of Comminuted Material 
Just below the hanging wall carbonates is a zone of comminuted material that is 
composed of a cataclastic mixture of hanging wall carbonate material and underlying 
shales. This lies above the shale cataclasites and sandstones of the footwall. This zone 
ranges from <1 cm to 4 cm thick. Thicker zones of comminuted material generally have 
sharp stylolitic contacts and form a separate layer that parts cleanly from the overlying 
carbonates, whereas thinner zones tend to have a gradational contact. Larger zones can 
also exhibit banding defined by layers of higher and lower ratios of shale to limestone 
mixture. The contact with the underlying shale is generally sharp and well defined 
though small slivers of the footwall material are occasionally thrust up into the carbonate 
material. 
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The cataclastic material of this zone contains angular to rounded fragments of all 
sizes, ranging from ......,10 J.lm to several mm, in an extremely fine-grained matrix «lJ.lm). 
Grains consist of calcite fragments, quartz, limestone fragments of hanging wall rock, and 
fragments of preexisting carbonate cataclasite. These rocks are foliated by stylolites, 
veins and a slight shape preferred orientation of fragments. Long axes of grains are 
oriented roughly parallel to the fault zone boundaries. Quartz grains exhibit undulose 
extinction and larger calcite grains are heavily twinned with up to three sets of twins, 
ranging from thin, thick, bent, and/or serrated and occasionally have sub-grain 
boundaries. Both intergranular and intragranular fractures are present and large grains are 
commonly rimmed with stylolites. It is also interesting to note that although veins and 
fractures rarely by-pass grains along their path, some grains that have intragranular 
fractures with vein fill have pulled/rotated away from the vein material and the void 
created has been filled with matrix material. The orientation of stylolites and other 
features such dimension preferred orientation of grains within fragments indicated that 
many of these have been subjected to rotation. 
The cataclasite in this region contains numerous veins and fractures. These 
generally fall into high and low angle sets (see Appendix 1 and 2) which are mutually 
cross-cutting and record both extension and compression events. A large number of the 
high angle veins, however, fall into a set of late stage (by cross-cutting relationships) 
features, which record extension. Low angle veins consist of thin discontinuous veins 
often connected by stylolites, veins exhibiting rhombochasm geometries, and thick veins 
with coarse-grained fill. Veins range from coarse-grained fill, which is fairly undistorted, 
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to highly twinned grains, to veins that display complete recrystallization. Veins indicate a 
component of shortening normal to the fault plane accommodated by undulating paths. In 




along this vein is 
contractional as 
evidenced by 
displacement of crosscut 
features. Sense of shear 
is top to the right. 
some cases thick low angle veins have been fractured and lain over in imbricated stacks, 
indicating shear in the direction of transport. Under CL crosscutting relationships on 
some sets of veins show reactivation of slip along the edges of some low angle veins. 
Stylolites form parallel to bedding and along the edges of large grains and if large 
enough may be associated with coating of insolubles along the dissolution surface. Low 
angle stylolites are less common in the cataclasites than in the mylonites and the 
occurrence of distinct stylolites seems to decrease closer to the fault surface. They also 
tend to form along the margins of low angle veins. Veins tend to remain relatively 
unsolved and even veins that are cut by stylolites show less dissolution than the 
surrounding matrix. Large stylolites form at the boundaries of the comminuted zone. In 
samples with gradational contacts with the comminuted material the interface is often 
defined by low angle stylolites, and/or vein material. 
Within 1 cm or so of the carbonate-shale contact, the carbonate cataclasite 
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becomes even finer grained and seems to have been subjected to more cataclastic 
processes than regions further from the contact. The surface of the cataclasite at the 
contact with the underlying shale is generally weathered to a tan color within 5 mm of the 
contact. Some samples exhibit a zone of finer grained cataclasite near the contact that is 
darker than the cataclasite just above it. This zone appears "fresher" than the section 
above it in that edges of grains are sharper and the matrix is distinct. Just above this 
section is another cataclasite fabric with a heavy static recrystallization overprint in which 
grain boundaries have become "fuzzy" and in some cases grains are almost 
indistinguishable from the matrix. 
Zone of Comminuted Material: Deformation mechanisms 
Several features in the zone of comminuted material indicate cyclic variance 
between brittle and ductile deformation processes. Wojtal and Mitra (1986) determined 
from observations of features in fault rocks from the Appalachian that cataclasites deform 
locally by ductile processes. Both grains stable and unstable cracks exist. As previously 
mentioned grain stable cracks indicate a ductile matrix while unstable cracks indicate 
brittle failure in the matrix. Fragments are generally undeformed internally aside from 
brittle features. No grains exhibit any stretching or distortion of shape. Many fragments 
still have angular shapes and indicating that they underwent little abrasion after being 
incorporated into the cataclasite. This means that the matrix accommodates the majority 
of deformation in these rocks with little strain taken up by larger grains. This is 




Handy (1990). In this case the weak phase controls the bulk rheology, while the stronger 
phases form large grains and are relatively passive in governing the bulk rheology. Thus 
the matrix is the weak phase in this system. Many grains within the cataclasite show 
significant rotation, which once again suggests a ductile matrix to allow the fragments to 
roll. The overprint of unstable cracks shows that periods of brittle deformation also 
occurred throughout cataclasite deformation. 
Fig. 11. Photomicrograph of 
cataclasite from the comminuted 
zone. The top of the large grain 
has a grain stable crack where 
matrix has flown in and filled the 
crack. A vein which has been 
extensively recrystallized cuts 
across the grain from lower left 
to upper right (grain unstable 
fracture). This is overprinted by 
the thin high-angle vein cutting 
across the grain forming another 
grain unstable crack. Sense of 
shear is dextral at the top. 
Lower portions of the cataclasite in this often show sharper grain boundaries and 
shapes are much cleaner while higher portions are less sharp and have more of a 
recrystallization overprint. These lower portions also show tend to exhibit more grain 
size reduction than higher portions. In some places the cataclasite within 1 cm of the 
contact is very dark, has little static recrystallization or cementation overprint and has a 
very distinct contact with the more recrystallized cataclasite. This is taken to be evidence 
of reactivation of the cataclasite zone. The more recrystallized cataclasite is considered to 
be an older cataclasite, while the darker is newer. The dark color is indicative of a higher 
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mixture of shale to carbonate ratio. This suggests that darker, less recrystallized 
cataclasites are newer and formed in response to passage of the limestone over the shales. 
Fig. 12. Banded 
cataclasite from the 
comminuted zone. 
Lower portion is the 
darker, "fresher" 
cataclasite that contains a 
higher ratio of shale. The 
boundary between the 
two fabrics is defined by 
a low angle vein. In the 
upper right hand comer 
there is a grain with an 
unstable fracture. Sense 
of shear is dextral at the 
top_ 
i liiiiiiiiiiiiii~~~ 
The older cataclasite may have formed earlier in transport and then the lower portion was 
reactivated or remained active but the thickness of the zone decreased. Thickening and 
thinning of fault zones are linked to strain hardening and softening, respectively, and fault 
zones tend to harden initially and then soften (Wojtal and Mitra 1986). This pattern of 
the thinning catac1asite layer supports these observations here as well. The smaller grain 
size nearer to the contact indicates a more developed cataclasite that has undergone more 
cataclastic processes than higher portions. The overprint of fracture and vein arrays 
indicates that at some points cataclastic processes ceased only to be reactivated at another 
stage. The basal region of this zone shows a tan weathering zone adjacent to the shale-
carbonate contact. This region is particularly bright under CL and may indicate fluids at 
the contact. 
Veins occur in similar orientations as in the hanging wall and often continue 
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undistorted across a contact from the hanging wall material to the cataclasites. They are 
similarly twinned as well and show post-formational compaction of veins in the direction 
normal to the fault plane. These veins record similar cycles of compression and extension 
seen in the hanging wall so these features are interpreted the same way and with same 
implications to fluid presence and pore pressure. The fact that veins continue undistorted 
into the cataclasite from the hanging wall indicates that at some times cataclasite and 
hanging wall behaved the same way. Stylolites are less numerous in the cataclasite zone 
than in the hanging wall. Their absence may be due to cataclastic processes destroying 
any record of them and it may also mean that cataclastic processes supplant stylolite 
formation in accommodating vertical compaction. In either scenario the decreasing 
number of stylolites nearer to the shale-carbonate contact supports the idea that this 
region has undergone greater amounts of cataclastic processes and more recently than 
regions further away. 
Footwall Materials 
Just under the zone of comminuted material is footwall consisting of shale 
cataclasites and underlying sandstones. Large fragments of limestone from the hanging 
wall have also occasionally been incorporated into the footwall. The shales are dark 
black, fissile, and tend to have slickensides on parting surfaces. They posses a scaly 
fabric defined by an anastomosing fracture array. 
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Footwall Shale Cataclasite 
Fig. 13. Picture of the 
Belly River Shale 
F ormation underlying the 
Eldon Formation 
Limestone. 
The shales consist of a predominantly carbonate matrix with fragments composed 
of the limestone hanging wall, Quartz, calcite and dolomite grains, and preexisting shale 
cataclasite. It is well foliated horizontal to sub-horizontal to the fault plane. Foliation is 
defined by a shape preferred orientation of grains as well as a stretching lineation of 
stringers of carbonate matrix and clays. Thin layers of the clays often exhibit boudinage, 
and many clay fragments have been flattened normal to the foliation. In some places a C 
/ S fabric has developed locally. Intragranular cracks are numerous as well as fractures 
that bypass grains. Intergranular fractures were also observed but they are much less 
common here than in rocks of the hanging wall. Grains are commonly rotated as 
evidenced by the fabric orientation of the grains. Fragments composed of preexisting 
shale cataclasite often exhibit more or less foliation than the surrounding matrix and are 
generally also of a slightly different mineralogy. These fragments most commonly show 
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signs of rotation and also record different levels of deformations. Large grains commonly 
show compaction of the surrounding foliations of the matrix in a direction normal to the 
foliations. Many fragments seem to be internally undeformed for the most part. Some 
limestone fragments contain veins with twinned grains but appear otherwise unstrained, 
and some quartz grains exhibit undulose extinction 
Fractures are numerous throughout the shale cataclasite. Unlike the overlying 
fault rocks, nearly all the fractures in the shale cataclasite are low angle fractures (see 
Appendix 1 and 2). High angle fractures exist only as small steps between two low angle 
fractures. These small high angle fractures often have an undulating course, indicating 
vertical shortening. Fractures are overwhelmingly extensional and generally have little 
fill. Most have a small coating of crystals on the inside of the fracture walls. In a few 
places the wall rock has pulled away from the vein material, leaving sections of vein 
floating in the middle of the fracture. One of the most defining characteristics of these 




the shale cataclasite 
showing a section 
where wall material 
has pulled away from 
the vein fill. 
At the edges of thin sections some grains have come loose during polishing, and here it 
can be clearly observed that these structures are in fact shells of calcite vein material that 
surround the grains. In some cases these shells are associated with dissolution surfaces 
located between the shell and the grains. A few cases also show evidence of two layers of 
shell. In CL grains with calcite shells all showed strong luminescence. Locally the 
calcite shells all luminesce a similar intensity and shade of orange. 
Fig. 15. Limestone 
fragment in shale 
cataclasite. This grain 
is surrounded by a well 
developed calcite shell. 
Local compaction of 
the foliation of the 
shales can be seen 
adjacent to the grain. 
Stylolites in the 
limestone are oriented 
at a high angles 
suggesting this grain 
has been rotated. 
Sense of shear is top to 
the right. 
The large fragments of hanging wall limestone within the shale are coarser 
grained than the hanging wall carbonates. They have well developed clay seams but are 
essentially undeformed outside of these. The only evident features are stylolites oriented 
horizontal to the fault and veins at high angle to the fault. Veins are predominantly 
discontinuous and pinch out at intervals along the length, and the fill ranges from blocky, 
heavily twinned grains to veins that have complete recrystallization. 
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Footwall Shale Cataclasites: Deformation Mechanisms 
Several fabric elements give indications as to the styles of deformation. The 
presence of grain stable cracking indicates ductility in the matrix. The shale cataclasites 
show very few examples of grain unstable cracks. Instead fractures and veins bypass 
grains entirely. The presence of these features within the matrix indicates a cycle of 
brittle deformation. The fact that fractures by-pass grains indicates that grains were more 
resistant to brittle failure than surrounding matrix material. These overprints also 
evidence cycles of alternating ductile and brittle deformation. Rotated fragments are 
common and show that grains were significantly mobile and that matrix acted in a ductile 
fashion to accommodate this motion. 
F or the most part grains are unstrained except for a population of clay fragments, 
which show some flattening normal to foliation as well as stretching parallel to foliation. 
These fragments after undergoing enough flattening and stretching may eventually form 
the clay stringers of the foliations. Foliations of carbonate and darker clay stringers show 
boudinage of the darker material which means that the dark clays acted as a harder phase 
than the carbonate material. Evidence of compaction can be seen adjacent to large grains 
where foliations have been compacted and bowed around the tops and bottoms of grains. 
There are then three phases to the cataclasites. The matrix is the weakest phase and 
accommodates the bulk of the deformation. The second phase is slightly harder than the 
matrix and deforms along with the matrix. It is eventually incorporated into the matrix, 
likely increasing bulk matrix strength. The third phase is the strongest phase and consists 
of grains that accommodate almost no strain. 
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The fragments within the shale cataclasite have a wide range of lithologies and 
consequently are interpreted to have varied origins. Limestone fragments possess an 
internal structure or fabric similar to that in the hanging wall rocks. Large blocks of 
hanging wall material up to the meter scale occur within the shale. Quartz grains have a 
similar shape, size, and texture as grains in the footwall sandstones and are assumed to be 
derived from this source. These rocks most likely formed by mechanical mixing of foot 
and hanging wall material with the shale. Fragments of preexisting cataclasite also 
appear to have undergone little deformation after being incorporated into the cataclasite. 
Remnant foliations and cataclasite structures are preserved within these fragments and 
generally indicate rotation. The fragments are considered to preserve earlier stages of 
deformation, and were most likely formed and incorporated into the cataclasite during a 
period of brittle deformation in the matrix. The matrix material of the preexisting 
cataclasite is significantly darker than matrix in the rest of the cataclasite. Thus it is 
likely that the composition of the matrix changed throughout deformation. 
Vein and fracture arrays in the shale have a much different orientation than in any 
of the other fault rocks. Low angle fractures dominate (see Appendix 1 and 2). This 
reflects a mechanical anisotropy related to the foliation orientation. Because large 
extensional fractures contain broken fragments of vein material and in some places the 
wall has pulled away from the vein fill, these features are thought to be post-
deformational features related to the complete drying of shrink-swell clays within the 
shale. This probably occurred once the shale was exposed near the surface and is 






structures. This high shrink-swell capability of these shales was apparent during 
preparation of thin sections of these samples. Samples once glued to the glass slide 
expanded causing the slides to fracture ifbrought into contact with water. The amount of 
vein material within these fractures is then taken be the actual size of the veins during 
deformation. These features are primarily extensional, only showing small amounts of 
slip. The presence of these thin veins mean that fluids were present in the shales though 
not as much precipitation of vein material occurred here as in the hanging wall. 
Large grains within the shale catac1asite are generally rimmed by a shell of calcite 
vein material that completely encapsulates the grain. These vein shells are only 
associated with the harder phase grains and only with the largest grains in the cataclasite. 
They surround grains of many different mineralogies, indicating that size and relative 
material strength determine which grains develop shell structures. These are evidence 
that at one point matrix material was pulled away from these grains and vein material 
precipitated. Evidence of more than one layer of shell in some grains suggests that this 
cycle occurred periodically. 
Deformation experiments carried out on muds by Bolton and Maltman (1998) 
have some important implications for these rocks. These experiments consisted of 
monitoring volume and permeability changes during shearing of muds with different 
levels of saturation and consolidation. They found that in normally consolidated 
sediments deformation proceeds by ductile barreling creating little deformation fabric. 
Shearing initially increases pore pressure, which is followed by a sudden collapse and 













stress is lowered (this can be accomplished by increasing pore pressure or reducing the 
load), then deformation proceeds by brittle failure on discrete horizons. This again is 
followed by a rapid dewatering event and collapse of pore space causing volume loss. 
The collapsing of pore space and volume loss reduces porosity and permeability of the 
sediments (Bolton and Maltman, 1998). These cycles of collapse and dewatering are 
inferred to form the vein shells around large grains. As a certain percent of volume loss 
in the matrix occurs, grains with a larger surface area will "see" a greater volume lost 
from the surrounding matrix than grains with a smaller surface area (for percentages see 
Appendix 3). Only the largest grains "saw" enough shrinkage to pull the matrix away 
from the grain, creating a void. Fluids being expelled from the matrix were then forced 
into this void causing it to remain open and allowing precipitation of vein material. 
Footwall Sandstones 
Far below the fault zone are undeformed sandstones. These consist of mainly 
quartz, microcrystalline quartz, feldspars, some mica and a few carbonates in a silica 
matrix. Grains are sub-angular to angular and are about 250f.!m - 350 f.!m. At this 
distance from the fault fractures are absent. A few stylolites exist though are not a 
prevalent feature. Quartz grains show undulose extinctions and feldspars are twinned. 
Intragranular cracks are presents but not numerous. F or the most part these sandstones 
are undeformed. 
At 6m from the fault the sandstones have a reduced grain size, due to intergranular 










the long axis in the horizontal plane. Shear surfaces have also formed within the 
sandstone and these locally exhibit grain size reduction. A very few veins have formed, 
and they are small, irregular, and filled with carbonate. Intragranular cracks are more 
numerous and seem to playa significant role in grain size reduction. 
F our meters below the shale/carbonate contact the sandstone has developed a 
foliation defined by alternating layers of fine grains (62f.!m-88f.!m) and coarser grains 
(250f.!m-350f.!m). The zones of coarser grains are more angular while the fine-grained 
inclusions consist of sub-rounded to rounded grains. Micrite becomes a more significant 
portion of the matrix closer to the contact. Shears and fracture are more developed and 
generally consist of a high and low angle set. Shear surfaces are again associated with 
local reduction of grain size. Stylolites are numerous and form at low angles to the fault 
surface and are more heavily concentrated in the fine-grained zones. Sheet silicates are 
often buckled between quartz grains. Intragranular cracks in the sandstone are generally 
filled with the carbonate matrix. 
By 1m below the contact grain size has been uniformly reduced to ,-..,62f.!m-88f.!m. 
The sandstone is foliated --45 0 from the direction of transport by a shape preferred 
orientation of grains as well as sheet silicates lining up with cleavage planes parallel to 
foliations, a crystallographic preferred orientation. Fractures are rarely filled with vein 
material. Shear zones are characterized by significantly reduced grain size. These 
granular zones sometimes contain grains with recrystallized margins. Intragranular 








Fig. 16. Photomicrographs of 
three samples of footwall 
sandstones in cross polarized 
light. All pictures were taken at 
the same magllification for easy 
comparison of grain size. Sense 
of shear in all three pictures is top 
to the right. 
a) Sandstone from 1m below the 
limestone-shale contact. Grain 
size is significantly reduced and a 
dimension preferred orientation 
has developed creating foliation 
at ~45° to the fault plane. 
b) Sandstone from 4m below the 
limestone-shale contact. Grain 
size is larger but intragranular 
cracking is common. In the left 
of the picture is a shear zone 
running from top to bottom. It is 
characterized by reduced grain 
size. 
c) Sandstone from 6m below the 
limestone-shale contact. 
Intragranular cracks are dominant 







process. Sheet silicates are again buckled around quartz and feldspar grains and are 
sometimes indented by them. 
Footwall Sandstones: Deformation Mechanisms 
Several trends are recognizable in the sandstones of the footwall. Closer to the 
fault zone, grain stable cracking and resulting grain size reduction becomes more and 
more pronounced. Other types of intergranular deformation such as buckling and slip 
along cleavage planes of sheet silicates also becomes significant. As one nears the fault a 
shape preferred orientation of grains begins to develop and even nearer to the fault an 
even more developed foliation exists. Shear zones and fractures also increase in density 
nearer to the fault (see Appendix 2), as is characteristic of thrust faults (Wojtal and Mitra, 
1986). Shear zones show reduced grain size and grains often have recrystallized 
boundaries indicating activity of low temperature dislocation creep, which tends to 
localize strain in fine grained areas. These features indicate alternation between brittle 
and ductile cycles. Grain-stable cracking and development of fine-grained shear zones 
indicate mesoscopically ductile features while fractures show mesoscopically brittle 
deformation. The conspicuous lack of vein material indicates that fluids were not present 
in significant amounts, they were present but in equilibrium with the surrounding rock, or 
kinetics did not favor precipitation (Kennedy and Logan, 1997). The increase in micrite 
matrix closer to the fault plane is interpreted as precipitated material rather than a product 
of mechanical mixing as there is considerable distance and separation between sandstones 






amounts and at pressures to low to cause hydro fracturing or formation of vein material. 
Fig. 17. 
Photomicrograph of 
quartz grains from a 
shear zone. These 





Implications for Fluid Flow and Faulting 
The presence of veins in the hanging wall and the shales most likely indicates that 
more fluids were present in these rocks than the footwall sandstones, which have little 
veining. Analysis of Dl3C (5180 at the McConnell thrust only showed a significant change 
in isotopic composition of rock matrix within the zone of veining, and this was 
interpreted as a small aquifer of 15m thick above the fault (Bradbury and W oodwell, 
1987). Isotope studies of the Glarus nappe by Burkhard et al. 1992 suggest that fluids 
may originate in the footwall and undergo advection to the hanging wall. One 
explanation for this was that footwall material is undergoing compaction and prograde 
metamorphism, which will drive out water. Bradbury and W oodwell (1987) suggest that 
on a large scale fluids at the McConnell thrust were channeled along the fault and moved 











Fig. 18. Three models for fluid flow, from left to right: a model for fluid advection to the hanging 
wall, channelized fluid flow along a fault zone, and fluid advection and recycling to the footwall 
{from Burkhard et aI., 1992}. 
Vrolijk and van der Pluijm (1999) found that in several thrust faults, including the 
McConnell thrust at Mt. Yamnuska, shales near to the fault zone showed anomalously 
high ratios of illite to smectite clays. Where rocks contain significant amounts of 
smectite, rocks nearer to the fault contained high amounts of illite and low amounts of 
smectite, implying that faulting may promote the smectite to illite conversion. They note 
that because the smectite to illite reaction is controlled by Arrhenius-type kinetics that 
smectite rich rocks may be in equilibrium stability for illite but there is insufficient energy 
to overcome the kinetic reaction barrier so the reaction cannot occur. 
Smectite contains three interlayers of water so conversion to illite frees a large 
volume of water. Due to removal of interlayer water the solid volume of pure smectite 
decreases 33-47% with complete conversion to illite, however in most natural systems 
bulk volume tends to remain stable while pore pressure increases (Vrolijk and van der 
Pluijm, 1999). This reaction from smectite to illite provides a probable source for fluids 










pore pressure rises. Deformation of clays results in a dewatering event and collapse 
expelling water (Bolton and Maltman, 1998), which undergoes advection to the hanging 
wall (Burkhard et aI., 1992). At this point conversion of smectite to illite continues to 
produce water and raise pore pressure, recharging the system. Sediments have now been 
consolidated and if pore pressures are raised high enough effective stress can be lowered 
and the clays will now undergo a cycle of brittle deformation followed by a dewatering 
event (Bolton and Maltman, 1998). This may provide an explanation for the brittle over 
ductile overprint observed in the shales. If less smectite goes to illite then pore pressure 
will not be as high and it can return to a ductile flow until another dewatering event 
(Bolton and Maltman, 1998). Thus smectite-illite reaction provides a recharge 
mechanism for cyclic expulsion of water from the fault zone, as well as a source for 
footwall fluids. 
The large change in volume from the removal of water due to the smectite to illite 
conversion and the sudden collapse of the shale layer has significant implications to fault 
zone interactions. If smectite is continually converted to illite as faulting progresses and 
fluids are expelled by dewatering events, the shale layer must lose volume throughout 
thrusting (see Appendix 3). As a dewatering event occurs, the shale undergoes a ' 
relatively sudden volume loss, which will lower compressional stresses in the vertical 
direction. Fluids are driven upward into the hanging wall, increasing pore pressures 
locally. The relaxation of compressional stresses as well as increased pore pressure will 
lead to hydro fracturing in the hanging wall, forming the low angle extensional veins 











materials show a similar percentage of volume change to the shales (see Appendix 3), and 
this seems to support the interrelation between the two. If the magnitude of collapse is 
small and volume of expelled water low then the change in stress and increase in pore 
pressure may not be enough to exceed vertical compressive stresses in the hanging wall. 
In this case low angle extensional veins will not form. However, if pore pressures are 
high enough to overcome compressive stress in another orientation, fractures may form. 
Thus local stresses in the hanging wall also control orientations of vein and fracture 
formation. Because the collapses and dewatering occur relatively rapidly brittle processes 
initiated by this will be relatively short-lived. This consistent with research by Wojtal 
and Mitra (1986) suggesting that cycles of ductile deformation are punctuated by brief 
episodes of brittle deformation. 
Studies by Bradbury and Woodwell (1987) and Ge and Garven (1994) proposed 
that fluid generally moved as channeled flow from hinterland to foreland along a thin 
aquifer in the hanging wall. These models necessitate an impermeable barrier to flow so 
that there is no communication between hanging wall and footwall. Sedimentary strata 
generally has a higher permeability along bedding than across bedding. Shearing of muds 
and clays also leads to the development of an increase in permeability anisotropy along 
shear zones of an order of magnitude higher along the shear zone than across it, most 
likely due to alignment of clay grains forming a less tortuous path for flow (Zhang and 
Cox, 2000; Zhang et aI., 2001). These factors would serve to channel fluids along the 
fault zone and limit exchange of fluids between the hanging and the footwall. Recharge 









destroy this increased anisotropy either by the formation of brittle fractures or by a cycle 
of ductile barreling. This could allow fluids to migrate to the hanging wall. Continued 
shearing and collapse could then re-establish this anisotropy. Thus the model proposed 
here is one where fluid generally flows along the fault zone from hinterland to foreland in 
a closed system. This is, however, cyclically interrupted when the increased permeability 
anisotropy is temporarily destroyed opening the system and allowing fluids to flow into 
the hanging wall initiating brittle fracture. Fluids can also be forced along the shale layer 
following a dewatering event raising pore pressures in shales further along the fault, 
altering deformation processes in those rocks. 
Strain Hardening and Softening 
Fluids playa critical role in strain hardening and softening in fault zones 
(e.g. Sibson, 1977; Wojtal and Mitra, 1988). Morrow et al. (1982) found that in clay rich 
fault gouge the presence of water lowered the strength, the coefficient of friction, and the 
amount of strain hardening a sample underwent. Dry samples initially strain hardened, 
then went into a period stable sliding with little rise in stress, which eventually terminated 
with a stick-slip failure event accompanied by a large drop in stress. Saturated samples 
strain hardened to a much lesser degree then entered a period of stable sliding with 
increasing stress. This suggests that when the smectite-illite reaction produces water it 
can lead to reduced strength, friction, and strain hardening in the shales, facilitating 
passage of hanging wall material. Cyclic expulsion of fluids would conversely lead to 


















hanging wall. In cases where shearing has stimulated water expulsion, considerable 
differences in levels of water depletion can exist over short distances (Clausen and 
Gabrielsen,2002). Since these processes vary along the fault, areas where the shales 
contain water will be weak, localizing deformation within the shales. Lower frictional 
resistance will allow hanging wall materials to move more easily and at a faster rate. 
Other areas of the shales that have expelled fluids will strengthen and increase frictional 
resistance, "locking" that section of the fault. The combination of these two processes 
may explain cycles of compression and extension seen in the hanging wall, and provide 
one mechanism that may contribute to varying rates of movement along a fault. Samples 
of cataclasites from the comminuted zone can posses a darker reactivated zone of 
cataclasite at the base of an older recrystallized cataclasite. This means that cataclastic 
processes may have ceased at one point and later been reestablished. If material strength 
of the shale is low enough when saturated, deformation could be entirely localized within 
the shale causing cataclastic processes in the comminuted zone to temporarily cease. 
With fluid expulsion and subsequent strengthening, deformation may spread back into 
this zone re-establishing cataclastic processes resulting in incorporation of more shale 
into the comminuted zone creating a darker "fresher" zone of cataclasite. 
Conclusions 
At Mt. Yamnuska strain is accommodated by a variety of deformation 



























wall, a comminuted zone of cataclasite, and shale cataclasite overlying sandstones. The 
shale layer could have formed a basally weak layer in which deformation was localized. 
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Fig. 19. Summary table of deformation features and where they occur. The fault surface is located 
roughly between the comminuted zone and the shale cataclasite layer. 












footwall sandstones are evidence that footwall shales account for significant amounts of 
deformation. This is consistent with interpretations of limestone on shale thrusts in the 
Appalachians (Kennedy and Logan, 1998). 
Fluids are vitally important in controlling deformation styles, lithologic strength, 
and strain hardening and softening. The conversion of smectite to illite is one source for 
footwall-derived fluids. Build up of fluids recharges cycles of shear-induced expulsion of 
water. Cyclic expulsion of fluids derived from this reaction can lead to significant strain 
hardening and increase in frictional resistance at points along the fault. This can cause 
portions of the fault to move at different rates than others creating a record of cycles of 
extension and compression. 
Fluids from the shales are expelled along the fault as well as into the hanging 
wall, which can trigger bursts of brittle fracture. Fluid flow is modeled to generally flow 
from hinterland to foreland in a hanging wall aquifer in a relatively closed system, as is 
similar to models by Bradbury and Woodwell (1987) and Ge and Garven (1994). 
However it is likely with significant amounts of fluid being produced in the footwall that 
during certain periods fluids underwent advection into the hanging wall. Thus the 
footwall may playa more active role in controlling geometries of accommodation 
















I would like to thank Steven W oj tal for all his time and effort spent helping me 
understand various structural geology concepts and for providing guidance with this 
project. I would also like to thank Bruce Simonson for teaching me how to use the CL 
kit, and for comments on my thesis. Thanks to Dennis Hubbard for helping me with the 
carbon coater. Thanks to Karla Hubbard for allowing me to take pictures with her 
microscope and for helping me find a research advisor for this project while I was in 
Japan. Thank you to Laura Moore for her helpful comments on this paper. I would also 
like to thank Issaku Kohl for letting me bounce ideas off of him and for staying up late 
with me while doing research. Lastly I would like to thank my parents and family for all 
their support and interest in my project. This project is dedicated in memory of my 















Beach, A., 1979, Pressure solution as ~ metamorphic process in deformed terrigenous 
sedimentary rocks: Lithos, v.12, p. 51-59. 
Bolton, A., Maltman A., 1998, Fluid-flow pathways in actively deforming 
sediments: the role of pore fluid pressure and volume change: Marine and 
Petroleum Geology, v.15, p. 281-297. 
Bradbury, H. J., Woodwell, G. R., 1987, Ancient fluid flow within foreland terrains, 
in Fluid Flow in Sedimentary Basins and Aquifers, edited by J. C. Goff and 
B. P. J. Williams: Geological society of America Special Publication, n. 34, p. 
87-102. 
Burkhard, M., Kerrich, R., Mass, R., and Fyfe, W. S., 1992, Stable and Sr-isotope 
evidence for fluid advection during thrusting of the Glarus nappe (Swiss Alps): 
Contributions to Mineralogy and Petrology, v. 112, p. 293-311. 
Bustin, R. M., 1983, Heating during thrust faulting in the rocky mountains: friction or 
fiction?: Tectonophysics, v. 95, p. 309-328. 
Chester, F. M., Friedman, M., Logan J. M., 1985, Foliated cataclasites: 
Tectonophysics, v. 111, p. 139-146. 
Covey, M. C., Vrolijk, P. J., Pevear, D. R., 1994, Direct dating of fault movement in the 
Rocky Mountain Front Ranges of southern Alberta: Geological Society of 
America Abstracts with Programs, v. 26, A-467. 
Clausen, J. A., Gabrielsen, R. H., 2002, Parameters that control the development of 
clay smear at low stress states: an experimental study using ring-shear apparatus: 
Journal of Structural Geology, v. 24, p. 1569-1586. 
Elliot, D., 1976, The motion of thrust sheets: Journal of Geophysical Research, v. 81, 
n. 5, p. 949-962. 
Fletcher, R. C., Pollard, D. D., 1981, Anticrack model for pressure solution 
surfaces: Geology, v. 9 p.419-424. 
Tikoff, B., Wojtal, S., 1997, Continuing education manual on computer visualization of 
three-dimensional deformation and application to upper-crustal settings: 
Geological Society of America 107 p .. 
Ge, S., Garven, G., 1994, A theoretical model for thrust-induced deep groundwater 
expulsion with application to the Canadian Rocky Mountains: Journal of 
Geophysical Research, v. 99, n. B7, p. 13,851-13,868. 
) 
Gretener, P. E., 1977, On the character of thrust faults with particular reference to 
Basal Tongues: Bulletin of Canadian Petroleum Geology, v. 25, n. 1, p. 110-122. 
Gretener, P. E., 1987, The McConnell Thrust at Mount Yamnuska, Alberta, Canada: 
Geological Society of America Centennial Field Guide-Rocky Mountain section, 
p.5-8. 
Handy, M. R., 1990, The solid-state flow of polymineralic rocks: Journal of 
Geophysical Research, v. 95, n. B6, p.8647-8661. 
Herwegh, M., 2000, A new technique to automatically quantify microstructures of fine 
grained carbonate mylonites: a two-step etching combined with SEM imaging and 
image analysis: Journal of Structural Geology, v. 22, p. 391-400. 
Kennedy, L. A., Logan, J. M., 1997, The role of veining and dissolution in the 
evolution of fine-grained mylonites: the McConnell thrust, Alberta: Journal of 
Structural Geology, v. 19, n. 6, p. 785-797. 
Kennedy, L. A., Logan, J. M., 1998, Microstructures of cataclasites in a limestone-
on-shale thrust fault: implications for a low-temperature recrystallization of 
calcite: Tectonophysics v. 295, p. 167-186. 
Kennedy, L. A., White, J. C., 2001, Low-temperature recrystallization in calcite 
mechanisms and consequences: Geology, v. 29, n. 11, p. 1027-1030. 
Marshall, D. J., 1988, Cathodoluminescence o/Geological Materials: University 
Printing House, Oxford, 146 p. 
Mitra, G., 1984, Brittle to ductile transition due to large strains along the White Rock 
thrust, Wind River mountains, Wyoming: Journal of Structural Geology, v. 6, 
n. 112, p. 51-61. 
Morrow, C. A., Shi, L. Q., Byerlee, J. D., 1982, Strain hardening and strength of clay-
rich fault gouges: Journal of Geophysical Research, v. 87, n. B8, p. 6771- 6780. 
Pas schier, C. W., Trouw, R. A. J., 1996, Microtectonics: Springer-Verlag, Berlin, 
Heidelberg, 289 p .. 
Price, R. A., Mountjoy, E. W., 1970, Geologic structure of the Canadian Rocky 
Mountains between Bow and Athabaska Rivers; a progress report: Geological 
Association of Canada Special Paper 6, p. 7-25. 
Price, R. A., Balkwill, H. R., Charlesworth, H. A. K., Cook, D. G., Simony, P. S., 
1972, The Canadian Rockies and tectonic evolution of the southeastern Canadian 
Cordillera: Guidebook for excursion AC 15: XXIV International Geological 
) 
) 
Congress, Montreal, Quebec, 129 p .. 
Schmid, S. M., 1982, Microfabric studies as indicators of deformation mechanisms and 
flow laws operative in mountain building, in Hsu K. J. ed., Mountain Building 
Processes: Academic press p. 95-110. 
Sibson, R. H., 1977, Fault rocks and fault mechanisms: Journal of the Geological 
Society (London), v. 133, p. 191-213. 
Snoke, A. W., Tullis, J., 1998, An overview of fault rocks, in Snoke, A. W., Tullis, 
J., Todd, V. R. eds., Fault-Related Rocks: A Photographic Atlas: Princeton 
University Press, Princeton, p. 3-18. 
Twiss, R. J., Moores, E. M., 1992, Structural Geology: W. H. Freeman and Co., 
New York, 532 p .. 
Vrolijk, P., van der Pluijm, B. A., 1999, Clay gouge: Journal of Structural Geology, 
v. 21, p. 1039-1048. 
Wojtal, S., Mitra G., 1986, Strain hardening and strain softening in fault zones from 
foreland thrusts: Geological Society of America Bulletin, v.97, p. 674-687. 
Wojtal, S., Mitra G., 1988, Nature of deformation in some fault rocks from the 
Appalachian thrusts: Geological Society of America, special paper 222, p. 
17-33. 
Woodward, N. B., 1981, Structural geometry of the Snake River Range, Idaho and 
Wyoming [Ph.D. Thesis]: The Johns Hopkins University Press, Baltimore, 261 p. 
Zhang, S., Cox, S. F., 2000, Enhancement of fluid permeability during shear 
deformation ofa synthetic mud: Journal of Structural Geology, v. 22, p. 1385-
1393. 
Zhang, S., Tullis, T. E., Scruggs, V. J., 2001, Implications of permeability and its 
anisotropy in a mica gouge for pore pressures in fault zones: Tectonophysics, v. 
335, p. 73-50 
Appendix 1 
Vein and Fracture Angles Measured from Scanned Images 
Appendix 1 
Mylonite 10 cm above Mylonite 2 cm above Comminuted Zone 
shale-limestone contact shale-limestone contact 
angle angle angle 
0 101 1 90 0 91 
1 104 3 93 0 91 
1 105 3 98 0 91 
2 109 6 99 2 93 
6 111 7 100 3 93 
10 112 12 105 14 94 
25 113 110 18 95 
129 43 116 95 
71 81 96 
76 136 74 165 85 96 
81 76 169 86 96 
84 172 77 171 89 98 
84 173 78 177 100 
84 173 79 179 100 
85 176 82 179 102 
86 176 103 
88 103 
105 
Mylonite with Comminuted zone below 112 
cataclasite overprint mylonite with cataclasite overprint 113 
angle angle 114 
0 92 0 91 
0 102 1 92 135 
1 108 2 96 
2 112 5 96 165 
2 122 5 99 170 
4 124 7 100 170 
6 124 102 171 
12 125 73 107 175 
17 83 177 
22 138 85 156 178 
151 85 161 179 
32 156 86 166 
36 157 88 169 
39 162 88 169 
165 88 173 
63 172 174 
64 173 175 
65 174 177 
66 176 177 
69 177 177 
69 177 178 






Mylonite 10cm above fault surface 
Veins/fractures plotted on unit circle 
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Appendix 1 
Mylonite 2cm above fault surface 
Veins/fractures plotted on unit circle 
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Comminuted zone 
Veins/fractures plotted on unit cirlce 
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Mylonite with cataclasite overprint 
veins/fractures plotted on unit circle 
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Comminuted Zone 
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Shale cataclasite Sandstone 1 m below Sandstone 4m below 
fault surface fault surface 
angle angle angle 
0 20 1 105 0 94 
0 27 1 105 3 101 
1 28 112 7 112 
1 29 112 13 113 
2 60 32 114 14 113 
4 72 33 117 15 117 
4 77 36 16 119 
4 81 41 126 16 121 
4 44 16 
5 144 49 157 17 131 
5 52 160 140 
5 154 52 36 
6 155 53 44 153 
7 168 47 155 
7 170 63 65 166 
8 172 69 178 
8 176 178 





























Veins/fractures plotted on unit circle 
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Fracture angles plotted on unit circle 
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Sandstone 4m below fault surface 
Fracture angles plotted on unit circle 
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Appendix 1 
Sandstone 8m below fault surface 
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Limestone Mylonite Comminuted Zone 
horazontal transect horazontal transect 
distance (um)= 20750 distance (um)= 38800 
angle width (um) type angle width (um) type 
86 25 Vein 121 150 Vein 
92 20 Vein 87 38 Vein 
90 17.5 Vein 60 6 Vein 
20 35 Vein 112 4 Vein 
112 192.5 Vein 87 22 Vein 
98 132.5 Vein 80 54 Vein 
103 117.5 Vein 74 36 Vein 
98 15 Vein 77 10 Vein 
20 70 Vein 62 16 Vein 
77 65 Vein 121 14 Vein 
78 15 Vein 89 38 Vein 
density = in hits Imm 1: 1.89mm 77 20 Vein 
vertical transect 
distance (um)= 26980 
angle width (um) type 
111 30 Vein 
111 330 Vein 
132 20 Vein 
32 27.5 Vein 
o 790 Vein 
90 25 Vein 
8 77.5 Vein 
178 12.5 Vein 
52 10 Vein 
179 17.5 Vein 
o 20 Vein 
175 35 Vein 
3 105 Vein 
4 40 Vein 
71 30 Vein 
179 70 Vein 
60 50 Vein 
3 175 Vein 
49 45 Vein 
166 105 Vein 
104 27.5 Vein 
25 450 Vein 
14 110 Vein 
62 22.5 Vein 
10 135 Vein 








granular zone with slip 
Extensional fracture 
Stylolitic slip surface 
Discrete slip surface 
Fracture with vein fill 
76 68 Vein 
63 62 Vein 
65 46 Vein 
68 140 Vein 
82 8 Vein 
89 26 Vein 
69 94 Vein 
77 48 Vein 
72 12 Vein 
76 10 Vein 
98 20 Vein 
density = in hits Imm 1: 1. 76mm 
vertical transect 
distance (um)= 20900 
angle width (um) type 
63 10 Vein 
179 12 Vein 
166 122 Vein 
o 222 Vein 
12 68 Vein 
1 34 Vein 
o 58 Vein 
9 6 Vein 
o 54 Vein 
4 18 Vein 
156 10 Vein 
o 84 Vein 
175 24 Vein 
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Appendix 2 
Mylonite wI cataclasite overprint Comminuted Zone below Mylonite with cataclasite overprint 
horazontal transect horazontal transect 
distance (um)= 23180 distance (um)= 24120 
angle width (um) type angle width (um) type 
88 15 Vein 5 8 Vein 
97 10 Vein 82 10 Vein 
168 40 Slip 95 20 Vein 
177 100 Slip 114 32 Vein 
82 5 Vein 98 8 Vein 
89 15 Vein 83 52 Vein 
o 180 Slip 106 44 Vein 
109 10 Vein 94 14 Vein 
112 50 Vein 92 6 Vein 
88 30 Vein 82 10 Vein 
88 10 Vein density = in hits Imm 1 :2.41 mm 
139 20 Vein 
78 30 Vein vertical transect 
79 110 Vein distance (urn)= 38140 
71 50 Vein angle width (um) type 
60 20 Vein 70 20 Vein 
54 90 Vein 3 214 Vein 
112 30 Vein 5 26 Vein 
61 45 Vein 175 40 Vein 
119 30 Vein 174 18 Vein 
density = in hits Imm 1: 1.22mm o 8 Vein 
vertical transect 
distance (um)= 41460 
angle width (um) type 
116 40 Vein 
59 60 Vein 
175 50 Slip 
4 80 Vein 
112 30 Vein 
46 60 Vein 
179 40 Vein 
161 230 Vein 
o 30 Vein 
4 30 Vein 
162 110 Vein 
3 40 Vein 
3 60 Vein 
19 70 Vein 
8 160 Vein 
172 30 Vein 
12 30 Vein 
density = in hits Imm 1 :2.56mm 
4 
100 10 Vein 
4 50 Vein 
175 34 Vein 
160 24 Vein 
2 36 Vein 
1 24 Vein 
10 10 Vein 
8 22 Vein 
174 42 Vein 
170 66 Vein 
4 52 Vein 
density = in hits Imm 1 :2.43mm 
granular zone with slip 
Extensional fracture 
Stylolitic slip surface 
Discrete slip surface 


























Mylonite with cataclasite overprint 
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distance (urn)= 37025 
angle width (urn) type 
21 72.5 EXT 
140 30 EXT 
8 20 EXT 
162 12.5 EXT 
13 10 EXT 
o 5 EXT 
49 70 EXT 
69 150 EXT 
164 55 EXT 
19 25 EXT 
47 25 EXT 
150 200 EXT 
12 62.5 EXT 
23 55 EXT 
density = in hits Irnrn 1 :2.64rnrn 
vertical transect 
distance (urn)= 21125 
angle width (urn) type 
3 30 EXT 
12 100 EXT 
12 57.5 EXT 
168 87.5 EXT 
13 137.5 EXT 
2 110 EXT 
2 95 EXT 
13 70 EXT 
15 10 EXT 
31 37.5 EXT 
o 25 EXT 
171 30 EXT 
163 7.5 EXT 
14 62.5 EXT 
o 10 EXT 
56 80 EXT 
9 117.5 EXT 
23 12.5 EXT 
o 17.5 EXT 
o 10 EXT 
9 7.5 EXT 
density = in hits Irnrn 1:1.01rnrn 
7 
granular zone with slip 
Extensional fracture 
Stylolitic slip surface 
Discrete slip surface 
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Appendix 2 
Sandstone 1 rn below fault surface Sandstone 4rn below fault surface 
horazontal transect horazontal transect 
distance (urn)= 42600 distance (urn)= 56628 
angle width (urn) type angle width (urn) type 
74 125 GZ 147 17.5 STY 
65 550 GZ 120.5 12.5 STY 
83 30 EXT 57 3.75 Slip 
72 150 GZ 57 7.5 STY 
79 150 GZ 132 75 Slip 
104 150 EXT 121 7.5 Slip 
60 12.5 EXT 42 275 Slip 
68 192.5 EXT 141 10 Slip 
111 2.5 EXT 99 36.25 Slip 
133 17.5 EXT 43 7.5 STY 
41 17.5 EXT 118 400 STY zone 
136 112.5 EXT 42 230 GZ 
density = in hits/rnrn 1:3.55rnrn 113 7.5 Slip 
density = in hits Irnrn 1 :4. 36crn 
vertical transect 
distance (urn)= 17050 vertical transect 
angle width (urn) type distance (urn)= 72644 
177 187.5 GZ ang~e width {urn) type 
177 200 EXT 
177 175 EXT 
31 91.25 EXT 
11 15 EXT 
128 12.5 EXT 
148 32.5 EXT 
density = in hits Irnrn 1 :2.44rnrn 
9 
granular zone with slip 
Extensional fracture 
Stylolitic slip surface 
Discrete slip surface 





































































Sandstone 1 m below fault surface 
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Appendix 2 
Sandstone 6rn below fault surface 
horazontal transect 
distance (urn)= 26712.4 
angle width (urn) type 
o 8 Slip 
172 10 Slip 
115 10 Slip 
43 11 Slip 
162 6 Slip 
31 6 Slip 
31 18 Slip 
o 6 Slip 
o 6 Slip 
o 6 Slip 
40 6 SHp 
132 8 Slip 
density = in hits Irnrn 1 :2.23rnrn 
vertical transect 
distance (urn)= 36975 
angle width (urn) type 
86 5 Slip 
118 3.75 Slip 
49 87.5 Slip 
46 62.5 Slip 
155 105 Slip 
91 5 Slip 
39 7.5 Vein 







granular zone with slip 
Extensional fracture 
Stylolitic slip surface 
Discrete slip surface 























Sandstone 6m below fault surface 
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Appendix 3 
Comparison of Extension Normal to the Fault Plane in Hanging Wall Carbonates 
And 
Matrix Volume Lost in the Shale as Calculated from Calcite Shells on Fragments 
Appendix 3 




in urn 23390 
vertical extension in urn 
1 
10 total extension 
80 2085 
20 
20 % extension 
























in urn 33020 
vertical extension in urn 
60 total extension 
100 6060 
180 
10 % extension 














































in urn 30650 
vertical extension in urn 
10 total extension 
60 3135 
50 
600 % extension 

























in um 43750 
vertical extension in um 
2 
10 total extension 
120 2585 
10 
20 % extension 






































Comminuted zone below 
mylonite with cataclasite overprint 
transect 
distance 
in um 35640 
vertical extension in um 
35 total extension 
70 1125 
30 
10 % extension 

































in shale cataclasite 
Fragment diameter (urn) Average 
long axis short axis · diameter 
392.5 147.5 270 
560 510 535 
300 227.5 263.75 
830 650 740 
490 380 435 
445 415 430 
160 70 115 
325 145 235 
1070 560 815 
405 180 292.5 
645 455 550 
335 320 327.5 
620 390 505 
530 175 352.5 
845 710 777.5 
650 360 505 
905 670 787.5 
1350 680 1015 
840 450 645 
675 525 600 
310 250 280 
960 470 715 
1480 650 1065 
600 310 455 
Diameter wI shell (urn) Average 
long axis short axis diameter 
405 162.5 283.75 
580 540 560 
305 237.5 271.25 
860 670 765 
510 400 455 
460 430 445 
167.5 75 121.25 
335 152.5 243.75 
1090 580 835 
420 200 310 
670 485 577.5 
350 340 345 
640 420 530 
550 200 375 
875 730 802.5 
660 400 530 
920 700 810 
1400 720 1060 
880 470 675 
700 550 625 
325 265 295 
1000 490 745 
1500 680 1090 






















































in shale cataclasite 
Fragment diameter (umAverage 
long axis short axis diameter 
530 340 435 
2030 1320 1675 
1087.5 875 981.25 
625 370 497.5 
695 280 487.5 
320 250 285 
415 290 352.5 
350 220 285 
435 275 355 
320 235 277.5 
270 225 247.5 
Diameter wI shell (um) Average 
long axis short axis diameter 
550 355 452.5 
2080 1360 1720 
1125 925 1025 
650 390 520 
710 300 505 
340 270 305 
430 300 365 
370 240 305 
450 290 370 
330 240 285 













Percent volume changeAverage volume change 
4 
12.56% 13.39% 
8.28% 
13.98% 
14.19% 
11.16% 
22.56% 
11.02% 
22.56% 
13.22% 
8.33% 
9.37% 
